This paper analyses numerically the effect of optical rotor with N-paddle (N = 3, 4, and 5) on mixing process of two fluids in Y-shaped channel flow by computational fluid dynamics (CFD). Streakline tracking simulation is employed to study dynamic mixing in the mixer. Mixing performance of the mixer is quantitatively measured by the dispersive and distributive mixing indices. The streaklines show that only a portion of one fluid can enter the rotor region where chaotic motion is observed. They also demonstrate that mixing is enhanced by high shear rate only in a portion of the perimeter area of the rotor. Consequently, mixing performance of the mixer is not dependent on number of paddle, but on the ratio of the tip paddle velocity of the rotor to the mean velocity in the mixer (kinetic parameter). Mixing is enhanced with increasing kinetic parameter. These are quantitatively confirmed by the two mixing indices.
Introduction
Recently, microfluidic systems that manipulate fluids at the microscopic scale have been explosively researched because of the development of Micro-Electro-Mechanical System (MEMS). Moreover, there is a number of fields that share an interest in this area: analytical bio-chemistry, high-throughput synthesis, microbiological analysis systems… In microfluidics, rapid mixing is often crucial to effective functioning of the devices (1) .
However, because of the smallness, the mixing relies only on diffusion, thus is inefficient. For example, in a simple channel laminar flow, the required length of the channel for complete mixing increases linearly with the Peclet number UL/D, where U is the mean flow speed, L is the cross-section characteristic length, and D is the interdiffusion coefficient of the solutions. In practice, the Peclet number is large (>100); therefore, the required length of the channel can be prohibitively long. To reduce the length of the mixing channel, the interfaces between the solutions are increased by the complexity of conduct channel (passive mixer) or external disturbance (active mixer).
The earliest concept for a passive mixer was serial lamination (2) , parallel lamination (3) , or injecting solutions into the solvent flow (4) . Another greatly efficient passive mixer is the one that uses chaos due to the complexity of the conduct channels such as: herringbone groove channel (5) , (6) , or C-shaped serpentine channel developed by Liu et al. (7) . Passive mixers have advantage in term of easily installing into an integrated device. However, they require a complicated three-dimensional microstructure, are inefficient for low Reynolds number flows, and have only one independent parameter (i.e. flow rate) to control mixing of the devices. Active mixers, otherwise, can eliminate the disadvantages of the passive mixers. Often, the active mixers need additional components such as bilateral micropump (8) , (9) , electrical wire (10) , (11) , and mechanical contacts (12) … To avoid using an additional component for active mixers, we proposed the use of shuttlecock type rotor which can be remotely rotated by a laser beam (i.e. optical rotor) to enhance mixing. Up to our best knowledge, none of the active mixers using stir element have been carefully studied in the inside. They are generally measured by "mixing index" on a considered region of the mixer (12) , (13), (14) .
In our present research based on the work of Ogami (14) , the effect of all possible factors such as number of paddle of the rotor, rotation speed, and mean velocity on mixing process inside the mixer is numerically examined. The dynamic mixing inside the mixer is studied by particle tracking method. The mixing performance of the mixer is quantitatively measured by the dispersive and distributive mixing indices. The obtained observations give a rich guideline for further designing an efficient mixer widely applicable in biotechnological research and in microchemical technologies.
The mixer
The mixer under this numerical investigation is a Y-shaped microchannel equipped with a suspended microrotor at the junction. The channel consists of two inlets and one exit, whose lengths are L i and L e , respectively, joined at the junction ( Fig. 1(a) ). The rotor has N (3, 4, and 5) paddles periodically placed at angles of 2π/N, as shown in Fig. 1(a) (below) . The diameter and height of the rotor are 20 µm and 12 µm, respectively. The width of each paddle is 4 µm. The structures of the channel and rotor are compatible with planar, layer-by-layer geometries that are easily produced by the lithography-based techniques of microfabrication. With the aim to used laser power, the rotor has no bilateral symmetry and is made of a transparent material (e.g., SU-8). When a laser beam is applied to the rotor, it will experience forces, and consequently a torque, on its surfaces through the change in the momentum of the light due to the reflection and refraction of the laser beam (14) , (15) .
However, the rotor can be set into motion by magnetic force, or driving motor. 
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Governing equations and numerical method
The conservation equations of mass, momentum, and passive scalars, c, in a moving undeformed grid system are expressed by Hawkins (16) as follows:
Here, x represents the velocity vector of the moving grid. u , ν , and p are the velocity vector, kinematic viscosity, and pressure of the fluid, respectively. D is the interdiffusion coefficient of the reagents.
To understand the mixing process and view the details of the mixing structure, we simulate the evolution of the mixture by injecting massless particles at some locations in the mixer and track their positions in time, i.e. streaklines (17) . In order to facilitate discussion, a
Cartesian coordinate (xyz) is originated at the projected point of the rotor center on the bottom wall of the mixer, as shown in Fig. 1(a) . The movement of the tracers in the flow is determined by integrating the vector equation of motion for the i-th particle:
where i x denotes the position vector of a massless particle, ( ) i i v x is the corresponding velocity vector of the particle, which equals the fluid velocity at
The particles are released from four locations. In the left inlet channel, the particles are initially placed on the two lines with lengths of 10 µm (indicated by the numbers 1 and 2 located near the lines in Fig. 1(a) ). The lines are perpendicular to the flow and are parallel to the bottom surface, located 1 µm and 7.5 µm above from the bottom surface, and 15 µm and 20 µm from the z-axis. These are named "injection 1" and "injection 2," respectively. The particles in the right channel are released from "injection 3" and "injection 4" (indicated by the numbers 3 and 4) in the same manner. These four injections are performed in order to observe the mixing structure in the core and near-wall flows. At each feed location, ten tracers are spaced at equal intervals. Their trajectories are tracked with time by solving Eq. (4) .
Because of the symmetrical aspect of the mixer, a half depth of the mixer is simulated with the symmetrical boundary condition at the symmetry plane. FLUENT 6.2, ANSYS, Inc., is employed to obtain approximate values for the flow variables and the concentration on the structured mesh generated by GAMBIT, ANSYS Inc. The computational mesh grid containing the rotor rotates with the same angular velocity as that of the rotor. The conservation of total mass flux of variables through the interface between the rotational and non-rotational grids is enforced. Spatial discretizations for convection and diffusion terms and temporal discretizations use a second-order accuracy schemes. The velocity-pressure coupling algorithm is the SIMPLE scheme. The Poisson equation is solved by General AMG. The simulations were performed on RedHat 7.3 OS with a Pentium III CPU and 4 GB memory.
In generating mesh, careful attention was paid to take into account the curved shape of the tip paddle of the rotor. There are ten grids on this curvature. From a practical perspective, the mesh used included 100×10 3 hexahedral elements and 200×10 3 nodes. Grid sensitivity of simulation was assessed in advance by several additional simulations using a double refined mesh. Calculations were carried out using a 4-paddle rotor for a number of operation conditions (i.e., mean velocities and rotation speeds). Solutions for dispersive and distributive mixing indices on the refined mesh agreed well (in 1%) with those on the original mesh (100×10 3 grid cells). Thus, a mesh approximate 100×10 3 grid cells is sufficient to produce an accurate simulation of the flow and concentration fields. The time step is determined depending on the stability condition according to the grid width, rotation speed, and inlet velocity. It is assumed that convergence is achieved when the order of the relative residual for mass balance falls below 10 -6 at each time step.
Since, the mediate fluid is water at 298 K (i.e., density is ρ = 997.8 kg/m 3 and viscosity µ = 1.024 × 10 -3 Pa·s), the estimated Knudsen number, Kn , is less than 10 -3
. Hence, the continuum hypothesis and non-slip condition at the walls are applicable. The flow is driven by mass flow at both inlets, with the corresponding Reynolds number, Re (= ρUL x /µ, U is the mean velocity in the exit channel) less than 0.01. Thus, the flow in the mixer is completely laminar. At the outlet, a constant pressure condition (p = 0 Pa) is imposed. In this work, we aim to study the stirring effect of rotating rotor on mixing performance of the mixer, thus diffusion process is ignored. To quantify this effect, convection-diffusion equation (3) is solved with the interdiffusion coefficient, D=0.
In order to obtain a sufficient degree of accuracy when integrating the equation of motion (4) of the massless particles, a fifth-order Runge-Kutta scheme is employed. At the channel walls, where the local velocity is close to zero, trajectory calculations are terminated or trapped. At the rotor walls, the particles are reflected with zero restitution coefficients. By this method, the tracers are advanced by the rotor surface velocity. At the outlet boundary, the particles escape and are lost from the calculations.
Results and discussion
The flow in the mixer streams with the mean velocity, U. The exit channel has cross section area, A. The velocity components are denoted as u, v, and w, corresponding to the x, y, and z directions, respectively. The radius and rotation speed of the rotor are denoted as R and ω.
Mixing structure
The most revealing visualization of mixing structure is streaklines. The streaklines are tracked by feeding 40 particles at injections 1~4 at every time step. For brevity, two mixing structures corresponding to the low and high kinetic parameters of ωR/U (8.3 and 104) are discussed. Moreover, at each value of ωR/U (8.3 or 104), one or two pairs of rotation speeds and mean velocities are employed to illustrate its effects on the mixing structure. To enable a clear view, the rotor is not plotted in the view from the outlet.
First, the mixing structure at ωR/U=8.3 is discussed. Figures 2(a)-(d) show the top and outlet views of the mixing structures for N = 3 and ωR/U = 8.3. The rotor rotates in the counterclockwise direction. It is observed that the mixing structures shown in Figs. 2(a) and 2(c) are similar though ω and U are different. The particles released from the left inlet channel (red particles) spread directly to the exit channel through the gap between the rotor and the left-side wall of the mixer. The trajectories of particles from the other inlet channel (blue particles) curve with the rotating rotor and then move to the exit channel. After passing the junction, the tracer trajectories are wiggled in synchronization with the moving paddles of the rotor. In fact that vertical velocity component in perimeter region of the rotor is negative. The blue particles experience this negative velocity longer than the red particles. It results in that in the exit channel the red particle layer lies over the blue particle layer. However, this effect is not important to overall mixing in the exit channel, because the left and the right of the exit channel are always fully filled by fluid from left and right inlet channels, respectively.
Figures 2(b) and 2(d) also show analogous mixing structures to each other. The particles from the left inlet channel travel in lamellar manner directly to the exit channel through the gap between the circumference of the rotor and left-side wall of the mixer. Contractively, the particles from the right inlet channel move into the space between the bottom wall and rotor; then a portion of these particles maintains lamellar motion, and the other portion is spirally transported up to the rotor region where they experience chaotic motion before entering the exit channel.
The tracer revolutions of other paddle cases (N = 4, 5) for the same value of ωR/U (i.e., 8.3) were also examined as an example of N = 5, ω = 160 rpm, and U = 20 µm/s plotted in Fig. 2(e) . Figure 2 (e) tracks the particle positions released from "injection 2" and "injection 4" (i.e., z = 7.5 µm). It shows that the mixing structure is mostly similar to that seen in Figs. 2(a) and 2(c).
Next, the mixing structure at ωR/U = 104 is discussed. Figures 3(a) and 3(b) show the revolutions of the tracers for ωR/U = 104 and N = 4. The tracers exhibit a different mixing structure from that of the small kinetic parameter ωR/U case (i.e., 8.3). There are three islands in the inlet channels and exit channel (the devoid areas in Figs. 3(a) and 3(b) ), which stand from the bottom wall to the symmetry plane. Using a wide range of parameters for the simulations, it was found that the islands start appearing when ωR/U is greater than 40. The islands in these channels mix fluid from the center layer to wall layer and otherwise in one fluid (streaklines indicated by A, B, and C in Figs. 3(a) and 3(c) ). Therefore, they do not contribute to convective mixing enhancement of two fluids. The islands maybe stretch fluid element which is efficient for diffusion mixing process. It is observed that the particles after entering the exit channel move with curvilinear paths around the island in the exit channel. Due to this effect, two fluids experience the high shear rate region in perimeter area of the rotor longer than that of the small kinetic parameter case (see the point indicated by D in Fig. 2(a) and E in Fig. 3(a) ) Figure 3 (b) shows that only the particles released near the bottom wall of the mixer (z = 1 µm) from the right inlet channel can emerge in the gap between the bottom wall and rotor. Then, a portion persists lamellarly moving toward the exit channel. The other portion As the observations from the small as well as large kinetic parameter cases, the flow is laminar almost everywhere in the mixer except suffering chaos in the rotor region. The streaklines show that only a portion of fluid from right inlet channel can enter the rotor region and experience chaotic motion here. The fluid from left inlet channel never comes to this region. Mixing between two fluids occur in a portion of perimeter area of the rotor and in middle exit channel. It results in that ωR/U has significant effects on the revolution of the tracers, whereas the effect of N is insignificant. This is proved by the similar mixing structures between Figs. 2(a) and 2(e) and between 3(a) and 3(c). Physically, the mixing structure seems to be controlled only by the relative convection generated by the rotor speed to the mean velocity.
Dispersive mixing
Dispersive mixing involves the dispersion of a cohesive minor component such as a cluster of solid particles or droplets of a liquid. For quantitative measurement of the dispersion, the dispersive mixing index, λ, is defined as (18) 
where ε and ξ are the norms of the vorticity tensor, [
, and rate-of-strain tensor, [ + ( ) ] / 2 u u ∇ ∇ T , respectively. Its value ranges between 0 for pure rotation and 1 for pure elongation, with a value of 0.5 indicating simple shear. Since elongational flows are generally more effective than simple shear flows for stretching (19) , they can disperse and break a solute more quickly into a solvent. Therefore, a large value of λ is desired.
Dispersive mixing index is a local value. To measure dispersion of the mixer, the time-averaged probability density function of λ, f(λ), in the mixer is considered as . i is an index used to indicate the subdivision of the bandwidth of λ (from 0 to 1). In the present calculation, the bandwidth of λ is divided into 100 fragments.
Therefore, i ranges from 1 to 101 and dλ = 0.01. A right-shifted characteristic of the tails and peak of f(λ) would be desired for mixing because it leads to an increase in the dispersive mixing index. The profiles collapse well into a single curve. This illustrates that the effects of rotation speed and mean velocity on dispersive mixing can be reduced to the kinetic parameter ωR/U. As shown in Fig. 4(b) , the probability density functions of λ in the mixer exhibit dissymmetry about 0.5 with a gamma-distribution shape. The distributions reach their peak at approximately the same λ for the same values of ωR/U. For each value of ωR/U (i.e., 8.3 or 104), the tails of the profiles are right-shifted with decreasing N. However, the shift of the distribution curves due to changes in N is not clearly distinguished. Thus, it can be assumed that the number of paddles is not effective in enhancing dispersive mixing. On other hand, distinct profiles for ωR/U = 8.3 and ωR/U = 104 are observed. In other words, increasing ωR/U can improve the dispersion mixing of the mixer.
The arithmetic average of the dispersive mixing efficiency,
, is computed for each N, for various rotor speeds and mean velocities. Thus, the effects of ωR/U as well as N on the dispersive mixing efficiency can be quantitatively determined.
The results are summarized in Table 1 , which shows the variation of λ with N and ωR/U. Until the appearance of islands (ωR/U ≤ 40), the dependence of λ on ωR/U is fairly constant if N is equal to 4 or 5, while it grows for N = 3. When the islands appear, λ is increased with increasing ωR/U and with decreasing N. From the results of f(λ), the arithmetic average dispersive mixing depends on ωR/U rather than on N. Based on these results, one would then expect dispersive mixing to be more efficient at high ωR/U. 
Distributive mixing
Distributive mixing is the process of expanding the solute throughout the space in order to obtain a good homogeneous distribution. This is accomplished by repeated rearrangements of the solute with respect to the solvent. The distributive mixing efficiency, M, is evaluated based on the standard deviation of the normalized concentration distribution, c, at a cross-section, as follows (20) 
In this equation, C is the mean normalized concentration when mixing is perfect (e.g., 0.5 = C for mixing two solutions), and A is the area of the cross-section. The value of M varies from 0 for no mixing to 1 for complete mixing. This index is computed at the outlet of the mixer for various rotation speeds, mean velocities, and number of paddles. Table 2 . As in a duct channel, the fluid in the center flow has a velocity approximately equal to 9/4U, and a major portion of the fluid is transported at the mean velocity, U. Thus, the distribution of c at the outlet develops rapidly in the period of t from 0.44 to 1, which is demonstrated by the drastic increase in the M-profiles, as shown in the figure. After this (i.e., 1 t ≥ ), the distribution of the concentration at the outlet comprises a minor portion of the species transported at low speed near the walls. Therefore, the profiles of M in this period increase over a very long duration to reach the steady state.
The detailed views of the profiles in Fig. 5 show that at a specific value of ωR/U, the dependence of M on ω, U, and N does not follow any particular rule. Fortunately, throughout the resident time of the fluid in the mixer, the differences in the distributive mixing efficiencies due to different N are within 5% for the same ωR/U. It is reasonable, therefore, to assume that the profiles of M plotted against the dimensionless resident time collapse into a single curve for each ωR/U ratio. Hence, the distribution of the concentration is insignificantly affected by the number of paddles. This is consistent with the observed mixing structure in which the kinetic parameter ωR/U governs the spatial arrangement of the fluid elements in the mixer. Physically, the convections caused by the rotating rotor and by the mean velocity identically affect the redistribution process in the mixer.
The distributive mixing efficiencies at the steady state are shown in Fig. 6 . The additional data from Ogami (13) (for N = 4) is plotted by filled black circles (•). We also compute the extreme case that N is infinite or the rotor becomes a cylinder. This figure confirms again that M depends only on the kinetic parameter ωR/U. Moreover, the distributive mixing efficiency increases with increasing ωR/U, as shown in Fig. 6 .
Conclusions
The effects of the mean velocity, rotation speed, and number of paddles on the mixing performance of a miniaturized active micromixer (of the order of tens of microns) were investigated by computational fluid dynamics. Dynamic mixing inside the mixer is studied by streakline tracking simulation. Mixing performance of the mixer is quantitatively measured by the dispersive and distributive mixing indices.
The streaklines show that flow is laminar almost everywhere in the mixer except suffering chaos in the rotor region. They also show that only a portion of fluid from right inlet channel can enter the rotor region and experience chaotic motion here. This is important feature for future design of an efficient micromixer. Mixing between two fluids occur in a portion of the perimeter area of the rotor and in middle exit channel. It results in that the effect of paddle number on mixing performance of the mixer is insignificant.
Streaklines, dispersive and distributive mixing indices indicate that the mixing performance of the mixer is self-similar with the kinetic parameter, which is the ratio of convections by rotation speed to that induced by the mean velocity. Increasing the kinetic parameter significantly enhances the mixing performance of the mixer.
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